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Abstract

A combination of spring monitoring and springshed delineation using dye tracing and hydrograph separation
methods has elucidated aquifer characteristics of the
Ordovician Galena Group in southeast Minnesota. The
Galena Group is primarily composed of carbonate rock
with subordinate beds of fine siliciclastics, mainly shale.
It underlies eleven counties in southeastern Minnesota
and is used as a source of water for domestic and agricultural use. In two counties, Fillmore and Olmsted,
it is a thinly covered well-developed karst that supplies
substantial baseflow to streams.
Continuous spring monitoring is being conducted
to measure aquifer properties and recharge response
following precipitation and snowmelt events. Data
are also being used to characterize sources, fate,
and transport of nitrate-nitrogen and other pollutants
within springsheds. Dye tracing and hydrograph analysis are utilized to determine groundwater flow direction and time of travel and to assist in determining the
size and areal extent of the springsheds that supply
perennial discharge to springs. Discharge, water tem-

perature, and nitrate concentration are the emphasis
of monitoring at several of the springs where data are
paired with additional small watershed-scale hydrologic studies conducted at edge of field and small watershed in-stream locations. This allows an estimate
of annual nitrate loading and assessment of agricultural pollutant sources and agricultural best management practice effectiveness.
Base flow temperatures of the monitored Galena
springs are variable, ranging from annual sinusoidal
temperature cycles that are out-of-phase with average
air temperature to nearly constant temperature interrupted by event-scale variations caused by snowmelt
and precipitation events. Recharge events at each of
the springs show characteristic multi-fold increases in
discharge with rapid initial dilution of nitrate-nitrogen
consistent with surface water runoff into sinkholes rapidly emerging via conduits at the springs. Following
these dilution events, mobilization of nitrate-nitrogen
in the soil and in aquifer storage in the Bear Spring
Springshed frequently increases nitrate-nitrogen concentrations to above pre-event levels.
16TH SINKHOLE CONFERENCE

NCKRI SYMPOSIUM 8

3

Introduction

Southeastern Minnesota is underlain by a broad structural depression containing sedimentary Paleozoic bedrock
layers that are Cambrian to Devonian in age (Mossler,
2008). Strata generally dip less than one degree to the
southwest as part of the regional structural trend. As a
result, progressively older bedrock formations subcrop
to the east toward the Mississippi River. Smaller scale
structural features such as folds and faults are superimposed on this regional dip. Carbonate plateaus are more
resistant to weathering and cover a greater extent of land
surface than the softer sandstone and shale formations
which crop out within the walls of valleys and along plateau slopes (Figure 1). Upper Ordovician and Devonian
rocks of southeastern Minnesota are predominately carbonate (limestone and dolostone) and exhibit karst features and karst conduit flow characteristics.
Characterization of karst in Minnesota began in earnest
in the 1970s with a sinkhole inventory conducted by the
University of Minnesota and the Minnesota Speleologi-

cal Survey (Tipping et al., 2015). Since then, countywide karst inventories and watershed specific investigations have routinely mapped sinkholes, sinking streams,
and springs (Dalgleish and Alexander, 1984; Alexander
and Maki, 1988; Magdalene, 1995; Alexander and Lively, 1995; Alexander et al., 1995a; Tipping et al., 2001;
Green et al., 2002; Alexander et al., 2003).
Dye tracing to delineate springsheds and characterize
aquifer properties has occurred in Minnesota for decades
(Alexander et al., 1995b; Green et al. 1997; Green et al.,
2002). Groundwater time of travel for the Galena Group
in southeastern Minnesota is typically very rapid (1.6 to
4.8 kilometers/day, 1 to 3 miles/day). Large-scale conduit networks associated with well-developed karst are
exhibited in Fillmore County, where large caves such as
Niagara Cave, Mystery Cave, Spring Valley Caverns,
Goliath Cave, and Holy Grail Cave are predominately
developed in the Galena Group. Cave leads in nearby Olmsted County are being pushed; however, none to date
have opened up into large cave passages (Martin Larsen,
personal communication).
Characterization of spring flow, temperature, and chemistry has occurred over the last two decades, ranging from
unpublished work conducted by Ron Spong to routine
pesticide and nitrate monitoring by the Minnesota Department of Agriculture. Springshed delineation and spring
flow dynamics for the Moth and Grabau Springshed of
Fillmore County was investigated in the early 1980s
(Mohring, 1983). Water temperature of springs in southeast Minnesota was investigated as a proxy for determining aquifer recharge and geometry (Luhmann, 2011).

Figure 1. Springshed study areas superimposed
on regional geologic setting of Paleozoic
rocks in southeast Minnesota. Upper Devonian
units are depicted with pink hues, Ordovician
units are depicted with light green and blue
hues, and Cambrian units are depicted with
yellow, dark green, and light brown hues (See
Figure 2). Geologic map from Runkel et al.,
2013. Inset depicts mapped Niagara Cave
passage in yellow.
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This paper summarizes the results of our recent research
on the Galena Group karst of southeastern Minnesota.
We provide new insights into this shallowly buried karst
by integrating the results of dye tracing, spring monitoring, outcrop and borehole characterization, and watershed analysis of two springsheds, Bear Spring and Pond
Spring.

Geologic and Hydrogeologic Setting

In Fillmore and Olmsted counties, unconsolidated sediment is generally less than 15 meters thick and overlies Upper Ordovician and Devonian aged sedimentary
bedrock units (Olsen, 1988; Mossler and Hobbs, 1995;
Steenberg, in progress). All Ordovician units are exposed in scattered outcrops across the two counties.

A geologic column for southeastern Minnesota (Figure 2) displays both the lithostratigraphic and generalized hydrostratigraphic properties of Ordovician and
Devonian units. Hydrostratigraphic attributes are generalized into either aquifer or aquitard using relative
permeability. This characterization is based on outcrop,
borehole, and core observations (Runkel, 1996; Paillet et al., 2000; Tipping et al., 2006; Luhmann et al.,
2011; Runkel et al., 2003, 2006a, 2006b, 2018). Layers
assigned as aquifers easily transmit water through conduits, fracture networks, and/or porous media. With the
exception of the St. Peter Sandstone, shallow aquifers
(<100 meters) in Fillmore and Olmsted counties are
composed mostly of carbonate rock. Layers assigned
as aquitards can also have high permeability in a horizontal direction, but differ from the aquifers by containing one or more layers with a low vertical permeability,
which vertically retards flow and helps protect underlying groundwater from contamination. These rocks are
composed mostly of very fine-grained sand, silt, shale,
or dense carbonate, across which vertical fractures are
poorly connected. High permeability bedding parallel
partings are likely to be present, at least locally, in all
formations in Fillmore and Olmsted counties, but are
shown on the column where descriptions from the hydrogeologic reports cited above indicate they are most
common.
Aquitards between the major aquifers result in an anisotropic groundwater system, limiting the volume and velocity of vertical flow and promoting rapid lateral flow
that discharges as baseflow to springs and streams. Although aquitards in Minnesota’s Paleozoic rocks exhibit
very low matrix permeability, they frequently contain
high permeability bedding parallel partings conductive
enough to yield large quantities of water to wells. Many
springs in Minnesota also emanate from units designated as aquitards. Springs commonly emerge on bedding
partings at discrete stratigraphic intervals apparently
resistant to the development of through-going vertical
fractures. These springs supply cool isothermal water
that form the headwaters of many of the trout streams
of the region.

Methods

The springs characterized in this investigation each
emanate from the Upper Ordovician Galena Group.
Their stratigraphic positions were determined using a
combination of correlations to water well records from

Figure 2. Geologic and generalized
hydrogeologic attributes of Ordovician and
Devonian rocks in southeast Minnesota.
Modified from Steenberg et al., 2014. Regional
karst systems described in Runkel et al., 2013.
the County Well Index and field outcrop examination
(Steenberg and Runkel, 2018). The springs are either
instrumented near their resurgence points with pressure
transducers (OTT Orpheus Mini 0 to 4 meter) that record water level and temperature [Bear Spring, Engle
Spring, Stagecoach Spring] or using an area-velocity
sensor (Isco 2150) installed at the outlet of an eightinch smooth-walled pipe [Pond Spring]. The accuracy
of the pressure sensor is ±0.05 percent FS and temperature sensor is ±0.5°C. The accuracy of the areavelocity sensor is ±0.03 meters/second for –1.5 to 1.5
meters/second, and ±2 percent of the reading for flows
1.5 to 6.1 meters/second. Temperature accuracy for the
area-velocity sensor is ±2.0°C. For the springs instrumented with pressure transducers, level was converted
to discharge for each spring using equations developed
through regression analysis of stage-discharge monitoring data.
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Continuous nitrate-nitrogen was monitored using Hach
Nitratax plus sc optical sensors (2 mm measuring gap),
that are capable of quantifying total nitrogen in the range
of 0.1 to 50 mg/L. The meters continuously measure the
total of nitrate + nitrite (NO3-N+NO2-N), but are reported
as nitrate because nitrite in Minnesota groundwaters is
typically insignificant. Average nitrite from the Minnesota Department of Natural Resources (DNR) Groundwater Atlas database is 0.007 mg/L (n=2732). Direct water grab samples were collected from the springs under
a range of flow conditions and analyzed for anion chemistry to corroborate the continuous data results. Anion
concentrations were determined using ion chromatography, EPA method 300.0 at the Southeastern Minnesota
Water Analysis Laboratory. Nitrate of grab samples for
the Pond Spring investigation and for samples collected
in Niagara Cave were analyzed using a benchtop ultraviolet spectrophotometer (Hach DR6000); samples were
typically analyzed within a day of sample collection.
Dye tracing was conducted using fluorescent dyes and a
combination of passive charcoal receptors and direct water
samples. Passive charcoal receptors were deployed prior to
the introduction of dyes and were changed at variable frequencies following dye introduction. Flow of dye through
the hydrologic system was timed and mapped based on when
and where dyes were recovered from passive detectors and
direct water samples. Fluorometric analysis was performed
at the University of Minnesota Earth and Environmental
Sciences Hydrochemistry Laboratory using a Shimadzu
RF5000 scanning spectrofluorometer and PeakFit software.

Spring monitoring station from direct watershed runoff.
Global Mapper software was loaded with 1-meter LiDAR from the DNR to calculate the directly contributing
surface watershed. This analysis delineated a contributing area of 15,378 square meters (3.8 acres) as shown
in Figure 3. Using this watershed, a SCS curve number
(CN=67) was calculated based on an intersection of landcover (from aerial photo) and soils data (USDA, 2019).
A time of concentration of 17.7 minutes was calculated
using a combination of sheet flow, shallow concentrated
flow, and channelized flow. This data was input into HydroCAD 10.00-19 to determine peak runoff rates at the
station for a variety of rainfall conditions.
Precipitation records from the Marion Rest Stop located
2.3 km south (1.4 miles) and Rochester International Airport, NWS Station #217004, located 19.3 km (12 miles)
southwest were used in the watershed analysis. To utilize
these rain gauges for the project site, radar-estimated rainfall (NWS, 2019) was used and calibrated to the recorded
values. The radar-estimated precipitation yielded very
similar patterns to the monitored data but were 14 percent
greater at the same location over the period of complete
years (2017 and 2018). To account for this, the radar-estimated precipitation at the Bear Creek monitoring site was
decreased by 14 percent and used in yield calculations.
Water yield data from similar watersheds in southeast
Minnesota have annual runoff ratios between 0.3 and 0.5

Watershed analysis consisted of a combination of baseflow separation, surface runoff modeling, and precipitation analysis. Annual monitored volumes were compared
to local precipitation records and estimated runoff ratios
were compared to calculated potential springshed areas.
Baseflow separation was conducted using the localminimum method (Sloto and Crouse, 1996) to describe
the monitored flow as three different sources; runoff and
karst conduit flow (N=4), karst fracture flow (N=90), and
matrix flow from storage (N>90). This method uses continuous flow sampling data before and after a given date
to identify baseflow conditions. The flows from each regime were summarized from the recorded timestep and
annual volumes from each source were calculated.
A surface runoff model [SCS TR-20] was also created
to help estimate the potential contribution to the Bear
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Figure 3. Contributing surface runoff
watershed to the Bear Spring monitoring
location.

(MPCA, 2013). Runoff ratios vary widely between years
even within the same watershed but provide a basis for
comparison when reviewing monitored volumes. To estimate springshed size, annual monitored volumes were
compared to local precipitation records and estimated
runoff ratios to calculate potential springshed areas.

As

=

Vma
RR * Pa

where:
As=Springshed Area
Vma=Annual Monitored Volume
RR=runoff ratio (unitless)
Pa=Annual Precipitation
Hydrostratigraphic attributes of the bedrock units in the
study area are documented with outcrop observations of
lithology, fracture density, fracture termination horizons,
and cave passages and geometry. Borehole geophysical
logging data including a combination of electromagnetic
(EM) flowmeter, temperature, fluid conductivity, caliper,
and observations of flow through pore networks obtained
through video logging were reviewed to further define
the hydrostratigraphic attributes. Much of this information is summarized in Runkel et al. (2013).
These datasets coupled with detailed geologic mapping
of the area are critical to understanding groundwater
flow in the subsurface and provide a degree of predictability of flow paths in three dimensions.

Bear Spring Dye Tracing Results

Bear Spring is located west-southwest of Eyota, Minnesota
in a rural area dominated by agriculture. Bear Spring emanates from a bedding plane parting in carbonate bedrock
at the stratigraphic position of the Prosser and Cummingsville contact. A major transportation corridor, Interstate 90,
is located approximately 1.5 miles to the south. Sinkholes
are common in the vicinity. Dye tracing to delineate Bear’s
springshed began in 2015, with additional work completed
in 2018 (Larsen et al., 2019; Barry et al., 2019a). The 2015
traces documented connections between two sinkholes,
55D1312* and 55D1221, and Bear Spring (Figure 6). The
estimated minimum peak groundwater time of travel for the
dyes to travel from the sinkholes to Bear Spring was 3,086
to 6,919 meters/day respectively (10,126 to 22,700 feet/day).
The 2018 traces included two previously untraced sinkholes located closer to Bear Spring. The two closer sink-

holes, 55D860 and 55D861, were included to determine
higher resolution breakthrough curves using auto-samplers. Dye first arrival and peak concentration were assumed to be the same due to very sharp increases and
decreases in the recovered breakthrough curves (Barry
et al., 2019a). The straight-line distances between the
individual sinkholes and time of travel were used to estimate the groundwater flow velocities. Straight-line distances were multiplied by 1.5 to include the tortuosity
of the actual paths (Fields and Nash, 1997) and divided
by the peak concentration times. The average of the two
groundwater first arrival time velocities for these traces
is 9.3 kilometers/day (5.8 miles/day), which is on the
high end of groundwater velocity in shallow Galena conduit flow systems. Traced sinkholes are stratigraphically
in the upper Prosser Formation and an estimated vertical
distance of travel is 35 meters (115 feet).
Inferred groundwater flow paths gleaned from trace investigations have been used to estimate springshed areas (Green et al., 2014). Springsheds delineated through
tracing and estimation methods are available through
the online Minnesota Groundwater Tracing Database
application developed by the Minnesota Department of
Natural Resources (DNR, 2019a). Using this platform,
springshed areal extents can be updated following additional tracing and reports and other pertinent data can be
easily accessed via hyperlinks in the application.
The current estimated springshed for Bear Spring, delineated using the inferred flow paths from the 2015 and 2018
dye tracing is 1,861,554 m2 (460 acres). Land use within the
delineated springshed, determined from 2017 Farm Service
Administration aerial photography, is 91.5 percent agricultural, 5 percent farmstead, 0.7 percent grassed waterway,
1.5 percent roadway, and 1.3 percent woodlands and buffered sinkholes. Agricultural land use varies annually, but is
dominated by corn, soybean, and alfalfa.
*Geospatial data for dye traces, including the locations of karst features and springs, are stored in
parallel databases that share a relatable unique
identifier. This unique identifier is used in the Minnesota Karst Feature Database (KFD), the Minnesota
Spring Inventory (MSI), and the Minnesota Groundwater Tracing Database (MGTD). The unique identifier is a ten character alpha-numeric field, but has
been abbreviated for this report (e.g., 55D0001312
is abbreviated to 55D1312).
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Bear Spring Intensive Spring Monitoring
Results

Discharge at Bear Spring has been measured continuously from February 2017 to the present (Figure 4). Baseflow discharge has varied over the period of record but is
typically 0.017 to 0.034 cubic meters/second (0.60 to 1.2
cubic feet/second [cfs]). Discharge following recharge
events, both snowmelt and precipitation, can increase
over an order of magnitude. Baseflow temperature at
Bear Spring shows an annual sinusoidal temperature cycle, ranging from roughly 8.0 to 11.0°C (46.4 to 51.8°F)
seasonally, that is approximately 3 months out-of-phase
with average air temperature. Within the seasonal cycle,
Bear Spring also exhibits event-scale variations caused
by snowmelt and precipitation that produce short term
temperature fluctuations that vary with the season. Cold
winter precipitation and snowmelt recharge events produce
rapid, short term decreases in spring water temperature to
as low as approximately 4°C (39.2°F) (Figure 4). Warm
summer recharge events behave inversely, with increases in
temperature. A warm summer precipitation event recorded
July 19, 2017 temporarily raised the spring water temperature to over 14°C (57.2°F) for 30 minutes.
Anion grab sampling to quantify nitrate-nitrogen concentration in 2017 showed a range between 19 and 21.5 parts
per million (ppm). More intensive nitrate-nitrogen monitoring began in June 2018 using continuous nitrate probes.
The continuous nitrate data, collected at 15-minute intervals, shows complex nitrate behavior over 2018 and 2019,
related to timing and amount of precipitation. In 2018,
nitrate concentration started around 20 ppm in June at the
beginning of monitoring. Following 36.3 mm (1.43 in) of
precipitation on June 18, 2018, concentration was diluted
roughly 2.5 ppm, to roughly 17 ppm.
Over the next two days, concentrations climbed back
to their pre-precipitation levels, until the next precipitation event on June 20, 2018. During this event, 24.1 mm
(0.95 in) of rainfall resulted in concentrations that climbed
precipitously, peaking nearly 5.5 ppm above the pre-precipitation event level. These instantaneous increases in nitrate without a preceding dilution event are likely related
to fertilizer application timing within the watershed, antecedent moisture conditions, and precipitation mobilizing
nitrate-nitrogen stored in the soil column.
Peak evapotranspiration and a deficit in precipitation
occurred over the next two months, with nitrate slowly
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dropping 3 ppm until additional dilution and mobilization events in September and October.
In 2019, nitrate concentration was near 20 ppm in January and showed two characteristic dilution events during
winter snow melt events (Figure 5). These events occurred during frozen ground conditions when meltwater could have recharged only via direct surface runoff
to sinkholes connected to the spring. Starting in March
2019, nitrate behavior showed a dilution and mobilization pattern evident in an increasing stair-step pattern
that peaked on May 20, 2019. The incremental increase
following dilution events is likely related to antecedent
moisture conditions from a wet precipitation year and
fertilizer application timing within the watershed. The
2019 data illustrate spring conditions under an unusually
wet climate. To date, the Bear Spring area has received
roughly 1.5 times the average precipitation for the area,
with four of the seven months shown in Figure 5 exceeding the 30 year Normal.

Watershed Analysis and Baseflow
Separation Results

Baseflow separation showed a high degree of variation
of the relative contributions from each of the flow types
between the years. The average contribution over the
monitoring period of record was 29 percent from runoff and rapid conduit flow, 34 percent from karst fracture flow, and 37 percent from matrix flow and storage
(Table 1).
Surface water modeling shows only a minor runoff contribution from the local surface watershed (delineated
with orange in Figure 3). The majority of this landscape
is grassed, with only minor impervious area. The overall surface runoff contribution is evident in the rainfall
event of June 27, 2018. The site received ~31.8 mm
(1.25 inches) of rainfall and the gauge showed a corresponding runoff and karst conduit flow increase of
0.20 cubic meters/second (7.0 cfs). For this same event,
the surface water model shows a contribution of only
0.02 cubic meters/second (0.61 cfs) indicating that even
under a fairly large rainfall, ~92 percent of quick-return
flow is from karst conduit contribution.
An average annual volume of 1,322,293 cubic meters
(1,072 ac-ft) was monitored at the Bear Spring site over
the period of record and an annual precipitation over that
period was 991.12 mm (39.02 inches). Assuming a 0.5

or 0.3 runoff ratio (watershed yield), our analysis shows
a potential contributing springshed area of between
2,668,312 and 4,447,186 square meters (659 and 1,099
acres). These estimated areas are larger than the area determined by dye tracing (Figure 6).

Outcrop and Borehole Observations

Carbonate rock matrix bulk porosity and vertical permeability values are typically less than 20 percent and 3x10-6

meters/day (10-5 feet/day) (Runkel et al., 2003). Limited
tests of horizontal permeability indicate that it is commonly about two orders of magnitude greater than vertical permeability where the carbonate rock is horizontally laminated. Matrix characteristics of bedrock are of particular
importance because the greatest volume of water stored is
within the small pore spaces of matrix blocks. However,
most of the rapid movement of water through the aquifer occurs through the fracture networks. Examination of

Figure 4. Bear Spring flow, temperature, and nitrate-N for the period of record February 2017 to
July 2019. Precipitation exceeded the 30 year Normal for twenty of the thirty months monitored.
16TH SINKHOLE CONFERENCE

NCKRI SYMPOSIUM 8

9

Table 1. Baseflow separation summary for Bear Spring. Recorded volumes for 2017 and 2018
represent partial monitoring years.
Recorded Volume (cubic meters / acre feet)
Total Monitored
Runoff and Conduit Flow
(hours to 4 days)
Fracture Flow (4 days to 3
months)
Matrix Flow from storage (>3
months)

Period of Record
4,315,953 / 3499

2017
1,318,592 / 1069

2018
1,335,861 / 1083

2019
1,661,500 / 1347

1,240,883 / 1006

307,137 / 249

318,238 / 258

615,507 / 499

1,466,610 / 1189

457,622 / 371

469,957 / 381

540,265 / 438

1,608,460 / 1304

553,833 / 449

547,666 / 444

505,728 / 410

Figure 5. Bear Spring flow, temperature, and nitrate-N for the period of record January 1, 2019 to
July 31, 2019. Continuous nitrate data from early February through mid-March is missing due to
equipment failure.
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tion, and well-developed cave systems appear to be most
common in the Dubuque and Stewartville formations
(Alexander et al., 1995a).

Discussion

Combining the results of intensive spring monitoring
with the results of springshed delineation determined
through standard dye tracing and findings from watershed analysis provides us with an improved understanding of groundwater transport in the shallow Galena
Karst. By coupling the high flow velocity karst conduit
networks, determined through dye tracing and borehole
and outcrop observations, with the recharge responses
illustrated in continuous high resolution hydrographs,
thermographs, and chemographs, we present a holistic
overview of Galena Karst hydrology.
Figure 6. Bear Spring Springshed areas
determined through dye tracing and
watershed analysis superimposed on bedrock
geology. Geologic map from Steenberg, in
progress.
video and gamma logs within Fillmore and Olmsted counties has shown preferential development of bedding parallel partings within the Spillville Formation and along the
Dubuque/Stewartville and Prosser/Cummingsville contact strata. Examination of large outcrops and quarries has
shown individual vertical fractures with apertures of a few
centimeters are known locally to span entire outcrops that
are tens of feet in height. Vertical fractures preferentially
terminate near the uppermost part of the Cummingsville
Formation and the top and bottom of the Dubuque Formation. These observations are summarized in Runkel et al.
(2003, 2013).
Stratigraphic locations of karst features (springs, seeps,
sinkholes, and sinking streams) in Fillmore and Olmsted counties show springs primarily occur in the lower
Prosser and Cummingsville formations, corresponding
to where our observations indicate that bedding parallel fracture networks are preferentially located and vertical fractures commonly terminate (Runkel et al., 2013;
Steenberg et al., 2014). Seeps primarily occur within the
lower Cummingsville and Decorah formations where
through-going vertical fractures and bedding parallel
partings are less common. Sinking streams and sinkholes
primarily occur in the lower Maquoketa, Dubuque, and
Stewartville formations. Prominent vertical fractures are
typically through-going across the Stewartville Forma-

Prior to integrating chemograph and thermograph response into this discussion, we offer a synopsis of land
use and potential land-use effects on springsheds. In
Minnesota, the use of agricultural fertilizers, the application of road salts for wintertime deicing, and water
softener effluent can lead to elevated levels of nitrate
and chloride in surface water and groundwater systems.
Nitrate concentrations greater than 3 ppm is strong evidence that an aquifer has been impacted by activities on
the land surface (MDH, 1998). Concentrations as low as
1 ppm are used similarly by the DNR and other agencies
and researchers in this region. The Federal drinking water standard for nitrate-nitrogen is 10 ppm.
Elevated nitrate is commonly found in the shallow karst
aquifers of southeastern Minnesota. Groundwater samples
collected as part of the Fillmore County Geologic Atlas
found nitrate greater than 3 ppm in 11 of 15 wells sampled that were completed in shallow Devonian and Ordovician aquifers (DNR, 2019b). Nitrate concentrations
of cave drips and cave stream passages sampled from
June 22, 2015 to October 29, 2019 at Niagara Cave were
consistently elevated in nitrate (Ryan and Aaron Bishop,
unpublished data). Land use in the vicinity of the cave,
other than the commercial cave entrance area, is row crop
agriculture (Figure 1 inset). Samples collected from cave
stream passages and flowstone located in an upper cave
passage had an average nitrate concentration of 9.5 ppm
(n=69). The concentrations of these samples are consistent with water flowing through fractures and conduits,
where mixing lowers concentrations through dilution.
Nitrate concentration at an upper cave flowstone monitor16TH SINKHOLE CONFERENCE
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ing point has climbed steadily over the period of record,
from 6.0 ppm in September 2015 to 9.8 ppm in October
2019. This increase occurred over a period of abnormally
wet years and is attributed to leaching. Samples collected
from stalactites and from flowstone located in lower cave
passage had an average nitrate concentration of 14.9 ppm
(n=69), consistent with higher concentrations of water
moving more slowly through matrix or the smallest, poorly connected fracture networks.
Land use, and in particular crop rotation, within a springshed has a large impact on available nitrate. For instance,
nitrate-nitrogen concentrations collected from a suite
of lysimeters located roughly 8 miles west of the Bear
Spring Springshed (Figure 1) show corn rotation year nitrate concentrations exceed soy rotation concentrations
(Larsen, unpublished data from 2016–2018). In general,
corn rotation average nitrate concentration is nearly double that of a soy rotation year, with corn year concentrations around 20 ppm and soy years around 10 ppm.
Land use and crop rotation also influences pesticide concentration in watersheds (Libra et al., 1991; Rowden et
al., 1993). Rigorous sampling of pesticides in the Bear
Spring Springshed has not occurred to date. However, in
2019, Bear Spring’s water was collected for analysis of
neonicotinoids. The grab samples, taken in March, July,
and October had total neonicotinoid concentrations of
84 ng/L, 53.8 ng/L, and 129.6 ng/L respectively (Berens,
unpublished work). Clothianidin accounted for the majority of the total neonicotinoid concentration, consistent
with typical agricultural usage trends for the area, as clothianidin is used as a pre-planting seed coating for corn
and soybeans.
Large fluctuations in spring discharge and temperature correlate with prompt flow pulses produced by
precipitation and snowmelt recharge events. The initial pulse of recharge reaches the spring on time scales
of several hours, similar to the results of the dye traces. Dramatic increases in spring flux and temperature
fluctuations also correlate with these prompt flow
pulses. However, the out-of-phase sinusoidal temperature pattern is more reflective of slower groundwater
movement through matrix. The combined temperature
response behaviors are similar to patterns 1 (rapid
episodic temperature swing) and 3 (sinusoidal out-ofphase swing from aquifer rock temperature changes)
described by Luhmann (2011) at other springs in
southern Minnesota.
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The fluctuations recorded in spring discharge, temperature, and nitrate-nitrogen concentration reflect surface
water runoff into sinkholes and fast infiltration into solutionally enlarged joints rapidly emerging via conduits at
the spring. Stable isotopic analyses of oxygen and hydrogen from water samples collected during the 2018 trace
at Bear Spring revealed isotopically light snowmeltladen water rapidly arriving at the spring, documenting
surface water runoff into sinkholes emerging via conduits. However, partitioning of the snowmelt portion of
the spring’s flow using isotope results in a binary mixing model indicated the largest portion of the spring’s
discharge following the snowmelt recharge event was
made up of isotopically heavier water consistent with
groundwater released from aquifer storage (Barry et al.,
2019a). These isotopic results are consistent with nitratenitrogen behavior recorded at Bear Spring, where isotopically light snowmelt-laden water coincides with nitrate
dilution events. The isotopically heavier water that made
up the bulk of the spring discharge volume corresponds
to the elevated nitrate-nitrogen released from soil losses
and aquifer storage following recharge events.
The hydrologic behavior and nutrient response characterized at Bear Spring is similar to continuous data
collected at two additional Galena spring monitoring
sites, Engle Spring and Stagecoach Spring, in Fillmore
County (Barry et al., 2018; Barry, in progress). However, nutrient response at Bear Spring also exhibits increases in nitrate that differs from nutrient response at
Engle and Stagecoach springs and scenarios described
elsewhere (Schilling et al., 2019; Huebsch et al., 2014).
At Bear Spring, the initial dilution response followed by
increasing concentration found in 2019 monitoring responds as a superimposed combination of models 1 and
2 described by Schilling. This superimposed behavior is
evident in the nearly instantaneous dilution followed by
increasing concentration from mobilization of nitrate in
the soil overburden and within aquifer storage.
At an additional site, Pond Spring, dye tracing and continuous spring monitoring is used to estimate annual nitrate loading in a small watershed and to assess agricultural pollutant sources and agricultural best management
practice (BMP) effectiveness as part of the Root River
Field to Stream Partnership (Kuehner, in progress). The
Pond Spring monitoring data is combined with average
daily soil temperature at 152 mm (6 in) depth, daily air
temperature, and both field surface runoff and in-steam

monitoring. This combined dataset shows that when
the upper soil profile is frozen, groundwater recharge
through the soil profile is limited and most recharge is
derived from surface runoff flowing directly into sinkholes.
Recharge response at Pond Spring also exhibits characteristic rapid short term fluctuations in discharge and
temperature (Figure 7). Outside of episodic temperature
pulses that are reflective of field surface water runoff
to sinkholes during recharge events, the temperature of
Pond Spring is very stable. The combined temperature
response behavior is similar to patterns 1 (rapid episodic
temperature swings) and 4 (stable aquifer rock temperature) described by Luhmann (2011) at other springs
in southern Minnesota. The stable portion of the Pond
Spring thermograph suggests the baseflow portion of
Pond Spring’s discharge is from an aquifer source with
a longer residence time. Pond Spring emanates from the
lowermost Cummingsville Formation just above the
Decorah Shale.
Nitrate concentration at Pond Spring was measured using grab sampling, therefore the concentration behavior
recorded in the dataset does not have the same resolution

as the other Galena spring monitoring sites. However,
based on the results of continuous monitoring of other
parameters and dye trace findings in the watershed, we
expect the dilution and mobilization behavior recorded
elsewhere to apply to this springshed as well. Nitrate
concentrations at Pond Spring during non-storm-event,
baseflow conditions averaged 12 mg/L. When significant rainfall occurred during non-frozen soil conditions,
nitrate-N concentrations at Pond Spring were reduced by
at least 3 mg/L. During frozen soil conditions, nitrates
decreased by up to 9 mg/L (Kuehner, in progress).
The springshed area of Pond Spring, delineated via dye
tracing from 2010 to 2018 suggests the recharge area is
1,294,994 square meters (320 acres) (Barry et al., 2019b).
Estimates of the springshed area determined from spring
and precipitation monitoring and watershed yield estimates suggest the springshed area is larger. In 2018, a
volume of 752,917 cubic meters (610.4 ac-ft) was monitored at Pond Spring during which there was 1,263 mm
(49.72 inches) of precipitation. Assuming a runoff ratio
(watershed yield) between 0.3 and 0.5, the potential
contributing springshed area is between 1,192,374 and
1,987,290 square meters (294 and 491 acres). The estimated areas range from 92 to 153 percent of the current
area delineated via dye tracing.
A continuum of flow is typical in karst aquifers and triple-porosity aquifer models are often used to describe
the three primary hydrologic flow paths (Worthington,
1999). The model describes open channel flow, fracture
flow, and matrix flow as end members (Figure 8). The
high-resolution monitoring at these springshed locations
has shown elements of each porosity type conceptualized in the triple-porosity model and is useful when
conceptualizing Galena aquifer properties and nutrient
transport through the aquifer.

Figure 7. Pond Spring flow, temperature,
and nitrate grab sample concentrations.
Precipitation and snow depth from edge of
field monitoring station located 1.6 kilometers
(1 mile) from spring.

Open channel flow in Galena Karst occurs in portions of
the aquifer that have been enlarged through dissolution.
It is evident from large scale open conduits with flowing
water that are large enough to crawl and walk through
in Fillmore County, rapid dye trace velocities from dye
tracing, rapid changes in spring discharge and temperature following recharge events, and the pulses of isotopically light water during the 2018 trace at Bear Spring.
Fracture flow occurs within a dendritic network of systematic and nonsystematic fractures that are developed
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apparently is poorly connected to higher conductivity
fracture networks and open conduits.
Groundwater flow speed exclusively through the matrix
in the Galena Group has not been directly measured in
the field, but laboratory measured permeability values
are very low, at less than 3x10-6 meters/day (10-5 feet/
day). Flow is therefore expected to be extremely slow,
when compared to flow in fractures or open channels.
Matrix flow for the Bear Spring Springshed was estimated to make up 37 percent of spring flow in 2019. Additional characterization of matrix properties of the Galena
is warranted.
Figure 8. Galena Group, Prosser Formation
quarry located roughly 9.7 kilometers (6 miles)
west-northwest of Harmony, Minnesota in
Crystal Creek Watershed. Figure illustrates
triple-porosity aquifer concepts (Worthington,
1999). Number 1 denotes mechanical
fractures and dissolution conduits that allow
rapid channel flow, number 2 denotes smaller
scale fracture flow conduits, and number
3 denotes matrix storage-slow release flow.
Person in image is roughly 1.8 meters (6 feet)
tall.
from both mechanical and dissolution processes. Flow
through the fracture network is more rapid than through
the matrix but slower than through open channels. Fracture flow in the Galena has been documented in dye traces with velocities too fast for Darcian flow, but slower
than open conduit rates. Additional evidence has been
noted in borehole geophysics, outcrop observation, and
hydrograph separation analysis. The dimensions and
connectivity of fractures accommodating flow will vary
substantially along a continuum from conditions approximating open channel flow to those of matrix flow.
An example toward the lower end of the continuum,
whereby fractures are of limited size and connectivity,
was documented in a 30.5 meter deep (100 feet) Galena
well, Minnesota unique well number 817784, located
approximately 2.4 kilometers (1.5 miles) south-southwest of Bear Spring. Borehole geophysics, flow logging,
televising, and pumping found no fractures, conduits, or
open bedding planes at depths greater than 6.4 meters
(21 feet). Well yield through the 24.4 meter (80 feet)
open hole portion of matrix rock at this well was low,
approximately 11.4 liters/minute (3 gallons/minute).
This yield was primarily supplied by a single bed parallel parting in the uppermost part of the open hole that
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Conclusion

Dye tracing, spring monitoring, outcrop and borehole
observation, and isotopic characterization at Bear Spring
and other Galena Group springs is assisting in characterizing the conduit systems underlying the local landscape and providing insight into aquifer recharge and the
fate and transport of nutrients within the Galena Group.
The springshed size estimates presented here using traditional surface water modeling techniques show that
springshed sizes may be considerably larger (double
or more) than previously estimated by dye-tracer studies. Other ongoing studies also tend to indicate that the
overall springshed areas may have previously been underestimated. Although these springsheds have been approximated using the techniques outlined in this report,
the lateral extent of springsheds are not sharp boundaries
and move dynamically, both horizontally and vertically,
in response to changes in groundwater levels.
The nitrate results collected using high frequency monitoring are an underutilized but important component of
data collection in karst systems. They can be used for
understanding nutrient mobilization and loss, as a proxy
for aquifer properties, for refined nutrient loading calculations, and to assist in understanding long-term trends.
This work has shown that using a multi-tiered approach
for springshed delineation can help improve nitratenitrogen yield loss computations and computer models
used to measure the effectiveness of nitrogen practices.
It may also be informative in determining where nitrogen management surveys and best management practices
can be concentrated. In Minnesota, springshed maps and
high resolution nutrient data are proving to be effective
tools in nitrogen BMP discussions with area farmers and

crop advisors’ strategy discussions involving minimizing nitrate-nitrogen losses from agricultural activities
(Kuehner et al., 2017; Larsen, 2019).
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